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Abstract  
The behaviour of palladium & nickel deposited on mechanically exfoliated samples of 2D transition 
metal dichalcogenides (MoS2, WS2, and WSe2) via e-beam evaporation was investigated.Sputtering 
of metals on the flakes allowed for interaction of the metal and TMD to be investigated on the Å 
scale in an aberration-corrected transmission electron microscope. By low energy sputtering metals 
can be deposited on 2D materials without causing damage to the thin flakes. The materials 
interaction is investigated on the atomic scale via high resolution scanning transmission electron 
microscopy in high angle annular dark field imaging. Initially, the effect of thermal annealing on the 
stability of the Pd-2D interaction was investigated, revealing the remarkable difference in particle 
stability between the 2D materials. Nickel deposition however only resulted in oxidised amorphous 
particles. The oxide particles’ cross-sectional area and circularity were independent of the TMD 
substrate thickness or type, and deposition rate.  
Lay Abstract 
Understanding the interaction between metals and 2D materials is imperative for future device 
functionalisation. Palladium and Nickel were deposited on samples of 2D transition metal 
dichalcogenides (MoS2, WS2, and WSe2) via e-beam evaporation. Low energy introduced metal to the 
2D materials without causing damage to the thin flakes. The metal-2D interaction was investigated 
on the Å scale via high resolution scanning transmission electron microscopy in high angle annular 
dark field imaging. The interaction between the Pd and the 2Ds was investigated to see whether Pd 
is a viable contact solution for TMD materials and to study the metal-2D interaction at the atomic 
level. Effect of annealing and heat on stability of the Pd-2D interaction was investigated, showing Pd-
WSe2 to have high particle stability up to 200°CIn contrast, the Pd-MoS2 & Pd-WS2 has lower particle 
stability when heated, revealing particle agglomeration and change. Nickel was found to oxidise into 
amorphous oxide particles quickly after deposition. The oxide particles’ characteristics were 










Since the discovery of graphene in 20041, research interest has surged towards two dimensional (2D) 
materials due to their future potential for nano-electronics 2,3 owing to their unusual electrical, 
optical and physical properties 4,5. In recent years, electronics research has moved away from 
graphene, due to its lack of a bandgap 5. Interest has shifted instead towards a group of 2D materials 
called transition metal dichalcogenides (TMDs). This is due to their varied electronic states 6,7, and 
the presence of a direct bandgap in many monolayer TMDs, like MoS2 
8,9, as well as research showing 
these bandgaps to be tuneable 10–12. Simulation studies have shown that different TMD species could 
be perfect materials for a plethora of applications, from gas sensors 13,14, to transistors 15–17, and 
energy cells 18,19. It is argued that the introduction of 2D materials to electronics will result in smaller 
transistors 20,21. 
Structurally, TMDs consist of a central layer of transition metal atoms covalently bonded to group 6 
chalcogen atoms in the two outer layers. This results in 2D hexagonal planes of atoms. These 
monolayers are kept together by van der Waals forces in the bulk material 22,23.  
Effective electrical contacting of 2D materials will be vital for industrial applications, especially for 
the electronics industry. 2D forms of TMDs are attractive for electronics due to their bandgap 
characteristics. However, use of these 2Ds by the electronics industry will be unattainable unless a 
stable electrical contacting solution can be found.  
This project investigates the performance of different metals as contacting materials, deposited on 
single layer TMDs (MoS2, WS2, WSe2), via e-beam evaporation. The characteristics of the materials 
interaction is investigated via high resolution scanning transmission electron microscopy (STEM) in 
high angle annular dark field (HAADF) imaging. 
Finding a suitable contacting material for 2D materials is one of the obstacles for the incorporation 
of these thin, few-layer materials into electronics, including gas sensors & photodetectors13. 
Graphene - metal contacting has been found to be far from ideal24. The metal-2D material 
interaction must be durable over time & exhibit high quality electronic properties. DFT calculations 
by multiple research groups have suggested metals that might form favourable contacts with 
TMDs25. Metal-TMD interaction when grown or transferred to thin films is investigated via AFM & 
Raman spectroscopy14,26,27. However, there is sparse experimental evidence of the detailed 
interaction on the atomic level. Simulation studies have suggested the contact material will have 
noticeable effects on the performance of devices using 2D materials 28–30. The stability of metal-2D 
contacts over time is also unknown, as graphene-metal contacts have been shown experimentally to 
be unstable 24,31–34.  
In this study, Pd & Ni were introduced to 2D exfoliated flakes via e-beam evaporation, to be studied 
via HAADF STEM. We report on the atomic distribution and characteristics of Pd when it is physically 
deposited in sub-nanometre quantities on mechanically exfoliated monolayers of MoS2, WS2, and 
WSe2. The metal was found to form nanoparticles on all three materials. The material 
characterisation was completed using high angle annular dark field (HAADF) STEM imaging, to study 
the boundary between the two materials, their interactions with each other, and the stability of said 
interactions. A statistical analysis of the nanoparticles was completed using ImageJ software, to get a 
size distribution of the particles, as well as their degree of circularity. Differences in distribution or 
shape of nanoparticles could point towards differences in bonding energies between the particles 
and the 2D material. 
Our aim is to find a stable metal-2D pairing with direct interaction between the materials. Metal has 
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to an indirect metal-graphene interaction. Stability in this paper is being classified as a metal which 
can sit on the 2D lattice without favourably moving to hydrocarbon contaminated areas, and can 




2.1 Sample preparation 
MoS2, WS2, and WSe2 were prepared using the method previously reported
35 for the formation of 
free-standing graphene. Flakes of each material were obtained by mechanical exfoliation of high 
quality single crystals of each TMD respectively. Flakes were transferred to PMMA/PVA coated 
Si/SiO2 substrate. Optical contrast allowed monolayer and thin-layer flakes to be identified
36,37 and 
subsequently transferred to copper quantifoil grids via the PVA sample stamping transfer method38. 
 
2.2 Metal evaporation 
Palladium was e-beam evaporated37on each of the TMD samples, MoS2, WS2, and WSe2, at a rate of 
0.1 Å/s. Evaporation continued until a total palladium thickness of 0.5 to 0.6 nm was achieved.  
Nickel was e-beam evaporated on WS2, and WSe2 to a thickness of 3nm. Two rates of deposition (0.1 
Å/s and 0.5 Å/s) were applied to the WS2, while three rates (0.1 Å/s, 0.5 Å/s, and 1 Å/s) were applied 
to the WSe2. 
 
2.3 Electron microscopy 
HAADF STEM imaging of the samples was carried out in a double aberration corrected, Titan THEMIS, 
in the University of Limerick.  
Images were taken at an accelerating voltage of 300kV. The HAADF detectors used to record the Z- 
contrast images have an inner and outer radius of 63.8 mrad and 200 mrad, respectively. The camera 
length used was 91 mm, with a C2 aperture of 70 μm with a spot size of 6. 
 
2.3 Image analysis 
ImageJ was used to set a size scale to all images and convert all HAADF STEM images to 8-bit data 
type (Fig 1.A), followed by local Bernsen thresholding at radii which varied depending on the 
magnification of the image being thresholded (Fig 1.B). The Bernsen threshold identified edges of 
nanoparticles based on contrast39. The images are despeckled to remove noise. Particles were 
analysed which fell between the size range of 1 and 100 nm2 and with a circularity between 0.4 and 
1 (Fig 1.C). Calculations of area and circularity were completed using ImageJ’s standard 
measurement tools. The circularity is found from the equation               (
    
          
)   The 
size and circularity ranges to measure between were chosen to discount noise in the low range, and 
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3. Results and discussion 
3.1 Pd-TMD interaction 
 
Pd, when deposited via e-beam evaporation to total thickness of between 0.3 and 0.4 nm on various 
TMDs, formed nanoparticles rather than a continuous metal layer. Nanoparticle formation of Pd via 
e-beam evaporation is believed to be due a combination of Pd preferring to bond to itself rather 
than the TMD surface when sputtered in small quantities, to lower the surface energy of the Pd. The 
particles’ cross sectional area and circularity were statistically analysed for all samples to investigate 
possible differences in interaction between the Pd and each of the TMD’s. 
TMD samples coated with Pd nanoparticles were imaged using the Titan Themis before and after a 
200°C anneal under vacuum for 24 hours.  
The WSe2-Pd combination proved the most stable after ex-situ heating. HAADF STEM images from 
before and after the anneal (Fig 2 A and E respectively) showed particles of a similar size profile. 
When thresholded and analysed, the cross sectional area and circularity showed similar trends from 
before and after the annealing process. This suggests Pd may be a suitable contacting material with 
WSe2, due to the physical stability between the materials, but requires more in-depth study. The 
lack of change in Fig 1.D shows that the Pd-Se bond is strong enough to withstand the addition 
of thermal energy up to 200°C. Before annealing, the mean area was 13.95 nm2, with a standard 
error of the mean of 1.361 and a standard deviation of 6.37 nm
2
. After annealing, the mean area 
was 7.51 nm
2





In contrast, when looking at the before and after comparison of the WS2-Pd sample (Fig 3 A and 
E respectively), a morphological change becomes apparent. Particles retain their mostly 
spherical shape, yet the proportion of larger particles has noticeably increased. Fig 3C shows 







by a factor of 4.7. This suggests an agglomeration of Pd particles is occurring during 
the ex-situ anneal, and that the particles became more mobile on the WS2 surface, to facilitate 
this agglomeration. Fig 3.D suggests that the particles have maintained their circularity despite 
the agglomeration, suggesting that rather than two particles joining to form dimer systems, 
particles are instead fusing together to form one larger particle. We would expect dimer systems 
to lead to lower values of circularity, as they would be ovular/irregular in shape. Fig 3.D shows no 
change in the circularity was seen after the annealing, confirming particle agglomeration 
occurred during the annealing process. Differences in Pd particle behaviour on WS2 and WSe2 
when annealed are inferred to be due to differences in the energetics between the Pd-S bond 
and the Pd-Se bond. Pd-S is theorised to have a weaker bond strength than Pd-Se for tungsten 
based TMDs, leading to this difference in sample reaction to thermal changes, e.g., to a larger 
range in metal cluster sizes with significantly larger metal clusters on the more weakly bonding 
WS2 surface. The mean and the standard error in the mean of the nanoparticles area changed 
between the before and after datasets. Before annealing, the mean area was 10.47 nm
2
, with a 
standard error of the mean of 0.574 and a standard deviation of 6.04 nm
2
. After annealing, the 
mean area was 25.21 nm
2




The before and after comparison of the MoS2-Pd sample (Fig 4.A and E respectively) shows a 
drastic morphological change in the Pd nanoparticles due to the annealing stage. Fig 3.B shows 







by a factor of 2.4. While this factor is smaller than that seen in Fig 3.C, a visual 
inspection yields that there seems to be a difference in the agglomeration mechanisms, occurring 
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Fig 4.D shows the circularity of the particles changing from highly circular before the anneal, to 
have a more Gaussian distribution of circularity values after the anneal. This lack of circularity 
from the data, as well as from studying the images, suggests the existence of particle dimer 
systems, as well as larger particle system, where particles are adjoining their neighbours, but do 
not merge into a single particle. This contrasts the particle agglomeration system seen in Fig 3.E, 
and suggested by Fig 3.D. This difference in particle agglomeration method is inferred to be due 
to the difference in bonding strength/method for Pd- WS2 and Pd- MoS2. Before annealing, the 
mean area was 11.45 nm
2
, with a standard error of the mean of 0.538 and a standard deviation 
of 8.25 nm
2
. After annealing, the mean area was 40.56 nm
2
, with a standard error of the mean of 






Ni evaporated onto exfoliated WS2 and WSe2 was imaged using STEM in the Titan Themis. Imaging 
showed that nanoparticles had formed on the TMD surfaces (see Fig 5.A), much as they had for the 
Pd (see Fig. 2.A). In contrast to the Pd nanoparticles, the Ni based nanoparticles appeared 
amorphous, with no crystallinity being detected. Fast Fourier transforms (FFT) of atomic resolution 
images did not show any crystallinity or spots due to the Ni. Diffraction spots visible in the FFT were 
due to the underlying TMD (See Fig 6.B) 
EDS (Fig. 5 C) showed an even distribution of nickel & oxygen, showing the nickel had oxidised in the 
time between evaporation and STEM analysis, to form amorphous NixOx nanoparticles. This 
oxidation is posited to have occurred as soon as the samples were removed from the vacuum of the 
metal sputtering system, and the samples became exposed to atmospheric oxygen. From a 
contacting perspective, oxide is generally not preferable, as the valence electrons of the metal are 
bound to the oxygen. This gives oxides a lower conductivity than their pure metal analogue. From an 
electronic contacting perspective, this means oxide formation at the contact-device interface should 
be avoided. 
When particles were analysed on thinner and thicker areas of WS2 (Fig 6.A), the NixOx nanoparticles 
were seen to have the same characteristic trend with regards to the cross sectional area (Fig 6.B) & 
circularity (Fig. 6.C). Small variations in the circularity can be attributed to the lack of clear edge 
boundaries for the nanoparticles, as well as thresholding issues from the intensity differences due to 
the difference in WS2 thickness. The amorphous nature of the NixOx can explain the nanoparticle 
shape, the centre of the particle is brighter, with the intensity decreasing as you move outwards 
from the central bright location. This intensity can be explained by an amophou pyramid-like 
morphology of the particles. The particle's centre is thickest, giving it the highest intensity, and as 
the pyryamid of NixOx gets thinner towards the outer edges, this gives the diffusive intensity seen in 
the image at the nanoparticle's edges. This causes issues for the thresholding as it is difficult to 
accurately pinpoint  
NixOx particles on WS2 and WSe2 were also investigated with respect to the e-beam evaporation rate. 
Fig 6.A and Fig 6.B show WS2 samples which were subjected to Ni deposition rates of 0.1 Å/s and 0.5 
Å/s respectively. NixOx particles were seen to have the same characteristic trend with regards to the 
size (Fig 7.C) & circularity (Fig 7.D), independent of the two different evaporation rate.  
 
Similarily, WSe2 samples were subjected to different Ni deposition rates. Fig 7.A-C show WSe2 with 
amorphous NixOx particles, which were deposited at rates of 0.1 Å/s, 0.5 Å/s, and 1 Å/s respectively. 
NixOx particles were seen to have the same characteristic profile for the cross sectional area (Fig 8.D) 
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Whether the characteristics of particle size being independent of the substrate variables is due to 
the e-beam evaporation or to morphology changes during the nickel oxidation is worth investigating. 
However, this may not be feasible due to the need for a transfer system from the evaporator to the 
TEM either using an ultra-high vacuum or involving inert gas, to ensure no oxidation takes place 




It was found that Pd nanoparticles on WSe2 were the most stable metal and 2D interaction pre and 
post thermal annealing. Pd deposition resulted in crystalline nanoparticles on all the 2D (MoS2, WS2, 
& WSe2) exfoliated flakes, however These nanoparticles were found to be geometrically unstable 
when annealed at 200°C on MoS2 & WS2. Ni deposition on the 2D TMDs quickly oxidised to form 
amorphous NixOx particles. The NixOx particles had similar values of circularity and cross sectional 
area, regardless of the sample thickness. The particle size & circularity was also found to be 
independent of evaporation rate, showing the e-beam evaporation method to be stochastic for Ni. 
Oxidation of Ni to NixOx hampered the study of the metal-TMD interaction. To avoid metals 
susceptible to oxidation future investigations will focus on noble metals. Furthermore, thicker planar 
metal evaporation on 2Ds, via cross sectional STEM will be investigated. In conclusion this initial 
study points towards Pd-WSe2 being a stable contacting pair for future devices.  
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Figure Captions 
Fig 1: A: The original STEM image of WS2 with Pd nanoparticles after annealing. B: Bersen 
thresholding applied to image to find nanoparticle edges C: Despeckled count of particles with 
circulariy between 0.4 and 1. 
 
Fig. 2: A & E: HAADF STEM images of WSe2 with Pd nanoparticles before & after annealing at 200°C. 
B and F: HAADF STEM images of WSe2 images at a higher magnification. C: shows the frequency of 
high area particles & particle agglomeration was not affected by the annealing. D: shows a histogram 
of circularity, showing the circularity of the particles was not overly changed by the annealing 
process. The sample size for the nanoparticle analysis was 43. F: Statistical analysis of particle cross 
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Fig. 3: A, B & E: HAADF STEM images of WS2 with Pd nanoparticles before (A & B) & after annealing 
at 200°C. C: shows that after annealing the number of particles with an area between 20nm2 and 
100nm2 increased markedly. D: shows a histogram of circularity. The particles change from highly 
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Fig. 4: A, B & E: HAADF STEM images of MoS2 with Pd nanoparticles before  (A, B) & after (E) 
annealing at 200°C respectively.  
C: The anneal process is shown to have increased the frequency of particles falling in the bins of sizes 
20 nm2 and over.  
D: The histogram shows particles change from highly circular in A (Before), to a more spread out 
distribution of circularity in E (after). The sample size for the nanoparticle analysis was 235. 
 
Fig. 5: A: WS2 exfoliated flakes with e beam deposited Ni. B: EDS highlights S & W, showing the thick 
regions with brighter intensity. C: EDS showed an even distribution of nickel & oxygen on the WS2 
surface. 
 
Fig. 6: A: HAADF STEM of WS2 with regions of different thickness. B: Histogram comparing particle 
size distribution of the thin region to the thicker region. The thin region was estimated as having 
between 3 and 4 layers, through comparision of the intensity to regions .while the thick layer was 
estimated as roughly 10~12 layers.C: Histogram comparing particle circularity of the thin & thick 
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Fig. 7: A & B: HAADF STEM of WS2 e-beam deposited with 3nm of Ni at 0.1 Å/s. C: Histogram 
comparing particle size distribution of the particles with the 0.1 Å/s & 0.5 Å/s evaporation rates. D: 
Histogram comparing particle circularity from A & B STEM images. The sample size for the 
nanoparticle analysis was 82. E: HAADF STEM of WS2 e-beam deposited with 3nm of Ni at 0.5 Å/s. 
 
Fig. 8: A, B, & C: WSe2 where Ni was deposited at different rates of 0.1 Å/s, 0.5 Å/s, & 1 Å/s. D: 
Histogram comparing particle size distribution of the particles caused from the 0.1 Å/s, 0.5 Å/s, & 1 
Å/s evaporation rates. E: Histogram comparing particle circularity from A, B, & C STEM images. The 
sample size for the nanoparticle analysis was 65. 
 
